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Abstract 
 

In a Doubly-fed Induction Generator (DFIG) wind energy conversion system, the 

rotor of a wound rotor induction generator is connected to the grid via a partial scale 

ac/ac power electronic converter which controls the rotor frequency and speed. 

In this research, detailed models of the DFIG wind energy conversion system with 

Sinusoidal Pulse-Width Modulation (SPWM) scheme and Optimal Pulse-Width 

Modulation (OPWM) scheme for the power electronic converter are developed in detail 

in PSCAD/EMTDC. As the computer simulation using the detailed models tends to be 

computationally extensive, time consuming and even sometimes not practical in terms of 

speed, two modified approaches (switching-function modeling and average-value 

modeling) are proposed to reduce the simulation execution time. The results demonstrate 

that the two proposed approaches reduce the simulation execution time while the 

simulation results remain close to those obtained using the detailed model simulation. 
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Chapter 1  

Introduction 

 
 

Today the world is faced with environmental issues such as air pollution and 

greenhouse gas effects, which threaten both human health and ecosystem. Fossil fuels as 

a conventional source of energy have a major role in increasing air pollution and 

destroying air quality. Emitted gases from combustion of fossil fuels in power plants 

result in climate change, acid rain, and smog, and increase the level of air toxics such as 

mercury and heavy metals [1], [2]. Also the reserves of fossil fuels are limited. As a 

result, production of energy from renewable sources such as wind is of great interest. In 

fact, for every 1 kWh of electrical energy generated by wind, the emission of carbon 

dioxide (the leading greenhouse gas) is reduced by 1kg, and the operation of a wind 

turbine weighing 50 tons saves burning of 500 tons of coal annually [2]. 
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1.1 Growth of Wind Energy Generation 

Wind as a renewable source of energy, which offers energy production at reduced 

pollution level, is attracting increasing global attention. Figure 1.1 illustrates the global 

total installed wind power capacity during the past 10 years [3]. According to the figure, 

on average, the global wind power capacity has doubled every 3 years over the past 

decade, and has crossed 200 GW as of the present time. The Global Wind Energy 

Council (GWEC) estimates that this trend will continue during the next decade as well, 

and the total wind power installations will reach up to 709 GW by 2020, contributing 

8.2% of the world’s electricity demand [1, 2, 3].  
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Fig. 1.1. World total installed wind capacity (MW) 

 

In Canada, electricity generated from wind energy powers 1.2 million homes and 

businesses. Fig 1.2 illustrates the total installed wind capacity in Canada over the past 

decade [4]. 
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Fig. 1.2. Total installed wind capacity in Canada (MW) 

 

It can be seen from Figures 1.1 and 1.2 that there is a steady growth in wind energy 

installation in Canada and around the world. 

1.2  Features of Wind Energy 

Wind energy systems are powered by the naturally blowing wind; therefore they can 

be considered as a clean source of energy. There are several advantages offered by wind 

energy, including [5, 6]: 

 Unlike conventional power plants that rely on combustion of fossil fuels and 

cause air pollution, wind energy does not produce atmospheric emissions that 

cause acid rain or greenhouse gases. 

 Unlike fossil fuels, wind energy is available in many regions, and is not limited to 

a few countries.  

 Wind energy generation can benefit the economy in rural areas, as wind turbines 

could be easily built on farms where most of the best wind sites are found. The 
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wind turbines only occupy a small fraction on a farm, for which the wind power 

plant owners make rent payments to the farmer. 

However, there are a number of challenging issues about wind energy conversion 

systems and they have been subject of public arguments recently; these include [5], [6]: 

 Wind energy is not continuously available at the same rate  

 Wind energy can be costly, specially due to the fact that construction of wind 

farms is expensive 

 Wind turbine blades are sources of noise emission. 

 The oscillating shadow of rotating wind turbine blades can be a source of optical 

disturbance for residents and minimum distances are required. 

 Wind energy conversion systems have a negative impact on the landscape 

phenotype. This issue is of more challenging in the areas where tourism is of 

economical importance. 

 Although nature reserves and national parks are typically not used for installing 

wind energy conversion systems, wind turbines are dangerous for flying birds. 

1.3  Wind Energy Conversion Systems 

Wind energy conversion systems typically consist of a wind turbine, an electric 

generator and possibly the corresponding power electronic converters and control 

systems, as illustrated in Fig. 1.3. 
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Fig. 1.3. General block diagram of a wind energy conversion system 

 

There are different configurations for wind energy conversion systems, and they can 

be categorized into four main concepts in terms of the rotation speed and the rating of 

power electronic converter relative to the generator capacity. These include: 

 Fixed speed concept 

 Limited variable speed concept 

 Variable speed concept with a partial scale power electronic converter 

 Variable speed direct-drive concept with a full-scale power converter 

These schemes will be described in detail later in Chapter 2.  

The 3rd scheme, i.e. variable speed concept with a partial scale power electronic 

converter (also known as doubly-fed induction generator or DFIG concept), is the scheme 

of interest in this research. This scheme is the most popular configuration used in wind 

farms due to its two main advantages that make this concept attractive from an economic 

point of view. These are: 

 Depending on the size of the frequency converter, this concept supports a wider 

speed range operation, typically 30% around the synchronous speed.  

Converter
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 The rating of the power electronic converter is only 25–30% of the generator 

capacity. 

A DFIG wind energy conversion system using a wound rotor induction generator 

(WRIG) and a partial-scale power converter on the rotor circuit is illustrated in Fig. 1.4. 

Turbine Blades

Converter

Grid
WRIGGearbox

 

Fig. 1.4. Scheme of a system with DFIG concept 

 

 

In this scheme, the stator is directly connected to the grid, and the rotor is connected 

through a power electronic converter. The power electronic converter controls the rotor 

frequency and thus the rotor speed. As mentioned previously, the rating of the power 

electronic converter is only about 25–30% of the generator capacity, which makes this 

concept popular from an economic point of view [7]. 

At present, excitation converters used in DFIG wind energy conversion systems 

include cycloconverters, back-to-back pulse-width modulation (PWM) converters and 

matrix converters, among which the back-to-back PWM converter is the most commonly 

used configuration [8].  
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A back-to-back PWM converter (see Fig. 1.5) consists of two pulse-width 

modulated voltage source converters connected to each other via a dc link. One converter 

operates in the rectifier mode while the other one performs as an inverter. 

 

 

Fig. 1.5. Back-to-back PWM converter 

 

1.4  Problem Definition and Research Objectives 

Simulation is an essential step in design and analysis of wind energy conversion 

systems, as it enables the engineer to select appropriate components and control schemes. 

Also it offers the engineer an opportunity to analyze and evaluate the wind energy 

conversion system performance and to verify that it meets the required specifications to 

be connected to the grid [10].  

Ideally, a detailed simulation model for the wind energy conversion system should 

provide a strong tool for studies. However, in practice there are a number of limitations 
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including simulation speed in using detailed models for wind energy conversion system 

studies.  

Simulation speed is often a major consideration in design and analysis of wind 

energy conversion systems. For instance, in order to identify key parameters in the design 

of a wind farm, simulations need to be repeated several times. Also to study the operation 

of the wind farm connected to the grid, a detailed simulation may consume a long time. 

There are several wind turbines, and therefore several power electronic converters in a 

wind farm. While traditional detailed-model simulation provides accurate results, it 

requires extensive computations over long time periods. This is mainly due to the 

existence of power electronic switches, since high switching rates slow down the 

simulation [9]. In fact, the simulation speed may be so slow that the simulation cannot be 

completed within the required time. Therefore, it is necessary to simplify detailed models 

of the wind energy generation system and consequently increase the simulation speed.  

The objective of this research is to apply fast simulating techniques as alternatives to 

the detailed model and compare the results of detailed simulation and fast simulation of 

wind energy conversion systems in terms of accuracy and run-time. Two fast simulating 

techniques, namely average-value modeling and switching-function modeling are 

proposed in this research. For this purpose, first the detailed model of a DFIG wind 

power generation system is developed in the PSCAD/EMTDC electromagnetic transient 

simulation program. Two conventional modulation schemes for the power electronic 

converter, Sinusoidal Pulse Width Modulation (SPWM) and Optimized Pulse-Width 

Modulation (OPWM), are separately applied to the PSCAD/EMTDC model. These 
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detailed models are used as benchmarks for the next simulations in which fast simulating 

techniques are used. 

The detailed SPWM and OPWM models are simplified using two approaches. In 

these approaches, average-value modeling technique and switching-function technique 

are applied to the both types of the detailed DFIG wind energy conversion system 

models, respectively. The simplified models are verified in terms of accuracy and the 

simulation speeds. The results are compared to those obtained from the detailed models. 

As a further step, the detailed and simplified models are used in simulation of a wind 

farm consisting of twenty identical DFIG wind energy conversion systems. This wind 

farm is studied in connection to a power system. The corresponding simulation run times 

using the simplified models and detailed models are recorded and compared. 

1.5 Organization of the Thesis 

In this thesis, the detailed models of DFIG wind energy conversion systems are 

developed, the fast simulating concepts are presented as alternatives to the detailed 

models, and the results obtained using the simplified and detailed models simulation are 

compared. The organization of the rest of the thesis is as follows. 

Chapter 2 provides a background on wind energy conversion systems among which 

the DFIG systems are the focus of the research described in this thesis. The concepts of 

aerodynamical, mechanical and generator modeling of the DFIG wind energy conversion 

system are described. 
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In Chapter 3, the power electronic converters used in DFIG wind energy conversion 

systems are discussed. The main modulating schemes, i.e. SPWM and OPWM are 

described, and the corresponding control schemes for the power electronic converter 

along with the mechanical control of the wind energy conversion system are presented. 

Also the simulation results for the detailed models of the DFIG wind energy conversion 

system are illustrated. 

In Chapter 4, two fast simulating techniques are described. Application of these 

techniques on DFIG wind energy conversion systems in PSCAD/EMTDC is presented 

and the simulation results are compared with those obtained from using detailed models. 

Also, the detailed and simplified models of a wind farm which is connected to a power 

system are examined, and the execution times are recorded and compared. 

In Chapter 5 the conclusions and the thesis contributions are presented and the 

possible future studies on this subject are discussed. 
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Chapter 2  

Wind Energy Conversion Systems 

 

Wind energy conversion system (WECS) can be used to capture the energy 

contained in wind and convert it to electrical energy. What distinguishes wind from other 

conventional sources of energy, such as coal and gas, is its intermittency and variability. 

A wind turbine can be used to act as a prime mover for an electric generator. However, 

due to the variations in wind speed, a gearbox can be used to adjust the rotor shaft speed. 

The gearboxes used are step-up ones that increase the speed at their output, which is 

connected to the shaft of the generator. Due to the limitations of using a gearbox (which 

are described in section 2.1.1) direct use of the converted electric energy for integration 

into an ac network can cause negative impacts on the ac network. To disallow wind speed 

variations to impact the receiving electric network, an intermediate power
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-electronic system can be used. Therefore, wind energy conversion systems generally can 

consist of a wind turbine, an electric generator, power electronic converters and/or 

gearboxes and corresponding control systems. 

2.1 Configurations of Wind Energy Conversion Systems 

With regards to their rotation speed, wind energy conversion systems can be 

classified into three main categories: (i) fixed speed configuration, (ii) limited variable 

speed configuration, and (iii) variable speed configuration. Additionally, variable speed 

wind energy conversion systems can be further classified into wind generator systems 

with a partial scale or a full-scale power electronic converter, based on the rating of the 

power electric converter relative to the generator capacity [7]. 

In the following sections, an overview of these general categories of wind energy 

conversion systems will be presented.  

2.1.1 Fixed Speed Configuration 

The fixed speed wind energy conversion systems use a squirrel cage induction 

generator (SCIG). The rotor shaft is connected to the turbine through a multi-stage 

gearbox. The multi-stage gearbox enables the generator to operate in a narrow range 

around the synchronous speed. The fixed speed wind energy conversion system is 

illustrated in Fig. 2.1 [7], [8]. 
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Fig. 2.1. Fixed speed configuration with SCIG system (Adopted from [7]) 

 

The main advantages of this concept are its robust and easy configuration. However, 

in this configuration the speed can be varied only in a narrow range and a multi-stage 

gear box is bulky and relatively expensive. These major disadvantages limit the 

application of this type of wind energy conversion system [7]. 

 

2.1.2 Limited Variable Speed Configuration 

This wind energy conversion system configuration uses a wound rotor induction 

generator (WRIG) with variable rotor resistance, which is provided by means of a power 

electronic converter and the pitch control method, as illustrated in Fig 2. 2. 
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Fig 2. 2. Limited variable speed configuration with WRIG system (Adopted from [7]) 
 

 

 

In this scheme, the power extracted from the rotor is dissipated in the form of 

thermal energy in the resistor. The rating of the external resistor depends on the amount 

of the dissipated power. As the speed variation range increases, the dissipated power will 

be larger. Therefore, in this scheme the speed variation range is usually limited to 10% 

above the synchronous speed to limit the losses and the rating of the external resistor [7]. 

2.1.3 Variable Speed Configuration with a Partial Scale Power 

Electronic Converter 

In this scheme, the rotor of a WRIG is connected to the grid via a partial scale power 

electronic converter, which controls the rotor frequency and speed. This configuration is 

referred to as the doubly-fed induction generator, as both the stator and rotor are being 

fed from the grid.  



Chapter 2. Wind Energy Conversion Systems 
 

 15 

Turbine Blades

Converter

Grid
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Fig. 2.3. Variable speed configuration with DFIG system (Adopted from [7]) 

 

Depending on the size of the frequency converter, this concept supports a wider 

speed range operation, typically 30% around the synchronous speed. Moreover, the rating 

of the power electronic converter is only 25–30% of the generator capacity. These two 

main advantages make this configuration appealing from an economic point of view. 

The most commonly used power electronic converter in this scheme is back-to-back 

PWM converter. The back-to-back PWM converter will be described in detail in Chapter 

3. 

2.1.4 Variable Speed Direct-Drive Concept with a Full-Scale 

Power Converter 

In this configuration the stator of a direct-drive induction generator is connected to 

the grid through a power electronic converter. Most frequently, a synchronous generator, 

either with external electrical excitation (EESG) or permanent magnets (PMSG) are used 

in this scheme, as illustrated in Fig. 2.4 and Fig 2.5.  
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Fig. 2.4. Direct-drive electrically excited synchronous generator (EESG) configuration (Adopted 

from [7]) 

 

 

Fig. 2.5. Direct-drive permanent magnet synchronous generator (PMSG) configuration (Adopted 

from [7]) 

 

 

The direct-drive generator rotates at a lower speed compared to geared-drive wind 

turbines, as the generator rotor is directly connected on the hub of the turbine rotor. To 
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deliver a certain power, the lower speed makes it necessary to produce a higher torque 

which results in a larger size of the generator [7].  

Currently doubly-fed induction generators (DFIGs) comprise the most popular 

category of wind energy conversion systems. As such the attention of the rest of the 

thesis will be on this category. In the following section, a mathematical model for a DIFG 

will be developed. This model will later be implemented in an electromagnetic transient 

simulator for computer simulation-based studies. 

2.2 Modeling of a DFIG Wind Energy Generation 

System 

A comprehensive model of a DFIG wind energy conversion system must be taken 

into consideration. The aerodynamic model, mechanical model and the doubly-fed 

induction generator model are presented in the following sections. Modeling of 

corresponding power electronic converter is described in detail in Chapter 3. 

2.2.1  Aerodynamic Model 

Wind turbines extract mechanical power from wind streams, and transmit it to the 

electrical generator. An aerodynamic model is used to compute the output extracted 

mechanical power from wind energy as follows [9, 10]. 
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),(..
2

3 
pwrmech CvAP   (2.1)

where 

Pmech = mechanical power extracted from the wind [W] 

ρ = air density [kg/m3] 

Ar = area covered by the rotor [m2] 

vω = wind speed [m/s] 

Cp = performance coefficient (or power coefficient) 

λ = tip speed ratio 

θ = rotor blade pitch angle [deg] 

Tip speed ratio, λ, is defined as follows. 

w

T

v

R.   (2.2)

where 

ωT = angular speed of the turbine shaft [rad/s] 

R = wind turbine radius [m] 

The mechanical torque extracted from turbine rotor, T, is given by 

),(
2

3 



pwr
T

CvAT   (2.3)

There are different alternatives to model variation of the power coefficient, Cp, vs. 

rotor blade pitch angle and the tip speed ratio. These include lookup tables or fitted 

equations [11]. There are several fitted equations for the power coefficient in literature 

such as the one given below, which is generally descriptive for different types of wind 

turbines [12, 14]. 
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Fig 2. 6 represents the characteristics of Cp (λ,θ) vs. λ for different values of θ. 

 

 
Fig 2. 6. Performance coefficient, Cp, as a function of tip speed ratio λ, with pitch angle θ as a 

parameter 

 
 

2.2.2  Mechanical Model  

A wind turbine drive train is fundamentally comprised of three masses 

corresponding to a large mass for the wind turbine rotor, a mass for the gearbox and a 
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mass for the generator. The moments of inertia of the shafts and gearbox can be neglected 

because they are small compared to the moments of inertia of the wind turbine and the 

generator. Therefore, the mechanical model is essentially a two-mass model, as 

demonstrated in Fig. 2.7. [13, 19]:  

 

Ks

1:n

Gear 
box

Low speed shaft High speed shaft GeneratorAerodynamic
Model

TT

Tg

ωT

ωr

 

Fig. 2.7. Mechanical model of wind energy conversion system 

 

A two-mass representation has been chosen here, which is described by the 

following [16]: 

T

sTT

H

KT

dt
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f
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where 
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f = the nominal grid frequency [Hz] 

Tg = generator electromechanical torque [N.m] 

TT = wind turbine torque [N.m} 

γ = angular displacement between the two ends of the shafts [rad] 

ωT = wind turbine angular speed [rad/s] 

ωr = rotor angular speed [rad/s] 

Ks = shaft stiffness [rad] 

Hg = generator inertia constant [kg.m2] 

HT = wind turbine inertia constant [kg.m2] 

 

2.2.3 Doubly-fed Induction Generator Model 

In this section, a dynamic model for the DFIG is presented. A three-phase induction 

machine consists of a stator and a rotor. Each phase of the stator and rotor windings has a 

distributed coil structure. The balanced three-phase ac voltages in the stator induce 

current in the rotor windings by induction. A schematic of the cross section of an 

induction machine is illustrated in Fig 2. 8. Although the coils are distributed, they are 

represented as concentric for simplicity. Letters r and s denote rotor and stator coils, 

respectively. Letters a, b and c denote three phase coils. 
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Fig 2. 8. Wound rotor induction generator 

 

The stator current establishes a sinusoidal magnetic flux density wave in the air gap, 

which rotates at synchronous speed. The corresponding synchronous speed can be 

calculated by the equation below. 

es P
 2

  (2.9)
 

where 

ωs= the synchronous mechanical speed (Mech. rad/sec) 

ωe =  stator angular frequency (Elec. rad/sec) 

P = the number of poles. 
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 If the mechanical shaft speed of the machine is defined as ωr (in mech. rad/sec), at 

any synchronous speed ωs, the speed difference ωs - ωr creates slip (s). The slip is defined 

as follows: 

 

s

rss

 

  (2.10)

In an induction generator, at steady-state operating point, ωr is slightly higher than 

ωs, while in an induction motor ωr is slightly lower than ωs. 

The stator and rotor voltages of a DFIG can be represented as a function of the 

corresponding stator and rotor flux linkages and input currents as follows: 
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Rs and Rr represent the stator and rotor winding resistances, which are assumed to be 

equal for all phase windings. The subscripts r and s denote rotor and stator quantities, 

respectively. The subscripts a, b and c stand for phases a, b and c quantities.  

The flux linkages of rotor and stator relate to the currents by the inductances: 
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The inductance matrices Ls, Lr and Lm are defined as: 
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where  

Lls = stator leakage inductance 

Llr = rotor leakage inductance 

Lm = the maximum amplitude of the mutual inductance between the stator and the rotor 

θr = The rotor electric angular displacement (in elec. rad/sec) regarding to the stator, 

which can be calculated as follows: 
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r

t

rr dtt     (2.18)

According to equations (2.17) and (2.18), the mutual inductance matrix Lm depends 

on time. In order to eliminate this time dependency, it is convenient to switch to a more 

suitable reference frame by using the dq0- transformation. 

The dq0-reference frame is a rotating reference frame rotating at a speed of choice. 

In this thesis, the dq0-reference frame rotates at the synchronous speed. Let θ be the 

angular displacement between the q-axis and the stator phase a-axis, β be the angular 

displacement between the q-axis and the rotor phase a-axis circuit. The dq0 reference 

frame is illustrated in the following figure, where as and ar represent the stator phase a-

axis and rotor phase a-axis, respectively: 

 

 

 

Fig. 2.9. dq0 reference frame 
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θr is rotor electrical angular displacement regarding to the stator. 

The transformation matrix for the stator quantities is as follows: 
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Similarly, the transformation for the rotor quantities (into the same reference frame) 

will be as follows. 
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The following equations demonstrate the relationship between dq0 and abc 

quantities for stator and rotor, respectively: 

ss0s fKf abcqd 
 

rrr fKf abcqd 0  

(2.23)
 

(2.24)
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where f is defined as below: 
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According to equations (2.21), (2.22), (2.23) and (2.24), zero–component may be 

calculated as follows: 

)(
3

1
0 cba ffff   (2.27)

 

It can be noted that the zero-component is zero for symmetrical abc-quantities. 

The following equations are used to derive the dq components of voltages, currents 

and flux linkages:  
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Multiplying both sides of equations (2.28) and (2.30) by Ks and of equations (2.29) 

and (2.31) by Kr, one can obtain the following results. 
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This can be re-written as follows: 
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3
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The real and reactive stator input powers can be calculated using the following 

equations (neglecting the power losses associated with the stator resistances) [15, 25]:  

)(
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qsqsdsdss ivivP   (2.44)
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In this chapter, fundamental concepts of wind energy conversion systems were 

represented. Among different types of the described wind energy conversion systems, the 
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DFIG conversion system was described in more detail. The aerodynamical, mechanical, 

and generator modeling concepts were discussed. In the next chapter, the power 

electronic ac/ac converter and the corresponding control schemes will be under focus. 
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Chapter 3  

DFIG Wind Energy Conversion Systems 

Circuits and Control Schemes 

 

In this chapter, the power electronic circuits used in DFIG wind energy conversion 

systems are described, and the control schemes are presented. In Section 3.1 the static 

frequency converter is introduced. Different types of static frequency converters used in 

DFIG wind energy conversion systems are described among which the back-to-back 

PWM power electronic converter and its corresponding modulation schemes are 

discussed in more detail. 

Section 3.2 is dedicated to DFIG wind energy conversion systems control schemes: 

in Section 3.2.1 the back-to-back PWM power electronic converter control schemes are 

described, and the wind turbine mechanical control scheme is presented in Section 3.2.2 
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3.1 Static Frequency Converter 

A static frequency converter is a power electronic converter that converts the 

frequency of ac power to the desired value while the output voltage magnitude and phase 

angle can be controlled. This type of power electronic converter is an essential 

component of DFIG wind energy conversion system, as it enables the doubly-fed 

induction generator to operate at different rotor speed values including both sub-

synchronous and super-synchronous speed ranges while the stator output power is 

maintained at the network frequency. [16, 17] 

There are two popular topologies for static frequency converters in DFIG systems: 

single-stage (direct topology) in which energy is directly converted from ac to ac, and 

double-stage (indirect topology or back-to-back converter), where the first stage provides 

ac to dc conversion (rectification) and the second stage provides dc to ac conversion 

(inversion) [18]. 

 A single-stage static frequency changer may use semi-controlled power electronic 

switches (thyristors) or fully-controlled power electronic switches. The first type is 

referred to as a naturally commutated cycloconverter, featuring restricted frequency 

conversion, and the second type is referred to as a forced commutated cycloconverter or a 

matrix converter [17, 19]. 

In a double-stage converter, ac power is first converted to dc power and then 

converted to ac power at the desired frequency. A dc link between the two ac/dc and 
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dc/ac converters can be used to decrease ripples on the dc voltage. The double-stage 

converter with a large dc-link capacitor (back-to-back PWM converter) is the most 

popular ac/ac power electronic converter configuration used in variable-speed wind 

turbine systems due to its several advantages as listed below: 

 Operation at sub-synchronous, super-synchronous and synchronous speed while 

the speed range is only restricted by the rotor voltage ratings of the doubly-fed 

induction generator.  

 Low distortion stator and rotor currents.  

 Independent control of the rotor excitation and generator torque  

 Control of the displacement factor between the voltage and the current in the grid-

side converter [23] 

 

3.1.1 Back-to-Back PWM Converter 

The back-to-back PWM (pulse width modulation) converter is a bidirectional power 

converter including two ac/dc and dc/ac converters connected together via a dc-link 

consisting of a capacitor. In a DFIG wind energy conversion system, the back-to-back 

PWM converter is used to connect the rotor circuit to the grid, while the grid-side 

converter operates in the rectifying mode (ac/dc), while the rotor-side converter operates 

in the inverting mode (dc/ac). The two converters make use of insulated gate bipolar 

transistors (IGBT) provided with freewheeling diodes. The schematic diagram of the 

back-to-back PWM converter is illustrated in Fig. 3.1. 
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To the 
rotor

To the 
grid

 

Fig. 3.1. Back-to-back PWM converter 

 
 

It is worth mentioning that in order to achieve full control of the current injected into 

the grid, the dc-link voltage will be maintained at a level higher than the amplitude of the 

grid line-to-line voltage. This should be considered in determination of the dc-link 

capacitor ratings.  

3.1.2 Back-to-Back PWM Converter Modulation Schemes 

There are several modulation techniques for the inverter and rectifier sides of the 

back-to-back PWM converter among which two commonly used modulation techniques, 

sinusoidal pulse-width modulation (SPWM) and optimized pulse-width modulation 

(OPWM) schemes are described in this section and are used in this research. 
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3.1.2.1 Sinusoidal Pulse Width Modulation (SPWM) 

In SPWM scheme, the firing pulses of the power electronic switches (i.e. IGBTs 

for the back-to-back SPWM converters) are generated in a way that the fundamental 

component of the output voltage has the desired magnitude and phase.  

In carrier-based SPWM, a sinusoidal reference signal is compared to a high 

frequency triangular signal in order to generate the firing pulses for the power electronic 

switches. The triangular signal should have a period much smaller than the smallest time 

constant of the system [20]. The firing pulse, S, is generated as below: 
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Fig. 3. 2. SPWM scheme (Adopted from [21]) 
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In a three-phase SPWM controller, the reference signal corresponding to each leg of 

the converter is separately generated in a way that each is 120˚ apart from the other one. 

The output is a three-phase voltage, and the fundamental components of the three-phase 

output voltage are shifted by 120˚ [22]. The ratio of the output signal fundamental 

component to half of the dc bus voltage is referred to as modulation index, m, and is 

given as follows: 

2

max

E
V

m   (3.1)

In this research, for SPWM scheme, the frequency ratio of the carrier waveform to 

the reference waveform is 27. 

3.1.2.2 Optimal Pulse Width Modulation (OPWM) 

In OPWM scheme, a system of nonlinear simultaneous equations to calculate the 

firing angles is solved offline in order to eliminate the most significant harmonics and set 

the fundamental component of ac output to a given value. In this type of modulation, the 

switching rate is greatly decreased compared to SPWM scheme. The magnitude of hth 

harmonic, Vh, can be derived from the following equation: 
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where αi represents the ith switching angle[22].  
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Using equation (3.2), a system of equations can be solved to obtain a set of firing 

angles that will result in a given frequency spectrum. An example of an OPWM output 

with the corresponding fundamental component wave is illustrated in the figure below. 

0 1 2 3 4 5 6 7
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

 

Fig. 3. 3. OPWM scheme (Adopted from [21]) 
 

In this research the OPWM switching scheme has five switching angles. 

3.2 DFIG Wind Energy Conversion Systems Control 

Schemes 

In this section, the control systems including electrical and mechanical control 

schemes for DFIG wind energy conversion systems are presented. The electrical control 

deals with controlling the back-to-back PWM converter, while mechanical control is 
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designed in a way that the wind turbine captures the optimum mechanical power from 

blowing wind. 

 

3.2.1 Back-to-Back PWM Converter Control Schemes 

In this section, detailed control schemes for the grid-side and rotor-side converters 

for the back-to-back PWM converter are presented. These control schemes use vector 

control approach, which was described earlier in Chapter 2 with a reference frame 

oriented along the stator flux vector position. The objective of the grid-side converter 

(GSC) control is to regulate the dc-bus voltage, and to control the reactive power 

exchange between the rotor and the grid. The rotor-side converter (RSC) controller is 

used to regulate the doubly-fed induction generator rotor speed, and the stator reactive 

power. A DFIG wind energy conversion system is illustrated in Fig. 3.4. 

 

 

Fig. 3.4. DFIG wind energy conversion system 
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 Rotor Side Converter Control 
 
In dq conversion, if the d-axis of the selected reference frame is aligned with the 

stator flux linkage vector, the q-component of stator flux linkage will be zero (λqs=0, and 

λds=λs). This in combination of Equations (2.37), (2.40), and (2.41) results in the 

following equations for d and q components of stator current: 
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Equations (2.38) and (2.39) can be rewritten as follows: 
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Electric torque and stator reactive power can be calculated as follows [17]: 
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According to Equations (2.1), (3.9) and (3.10), the rotor speed, ωr, and the stator 

reactive power, Qs, can be controlled using the rotor current q-component, iqr, and the 

rotor current d-component, idr, respectively. In others words, the reference value for the 

rotor speed, ωr,ref, and the stator reactive power, Qref, can be used to calculate the 

reference values for the rotor current q-component and the rotor current d-component, 

respectively.  

According to Equations (3.6) and (3.7), idr and iqr can be used to obtain vdr1 and vqr1, 

respectively. vdr can be calculated using vdr1 and iqr , and vqr can be calculated using vqr1 and 

idr. 

The overall control block diagram of rotor-side converter is illustrated in Fig. 3.5: 
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Fig. 3.5. Rotor-side converter control scheme 

 Grid-side Converter Control 

As mentioned previously, the aim of the grid-side converter controller is to keep 

the dc-bus voltage constant, and to control the reactive power flowing between the 

rotor and the grid. 
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Fig. 3. 6. Grid-side converter model 
 
 

Real and reactive power flowing from the grid to the rotor circuit can be defined using dq 

components as below: 

)(
2

3
qgqldgdlg ivivP   

(3.11) 

)(
2

3
qgdldgqlg ivivQ   

(3.12)

 

where vdl and vql represent the d-components and the q-component of the grid voltage, 

respectively, and idg and iqg represent the d-components and the q-component of the input 

current of the GSC. 

If the d-axis of dq frame is aligned with the stator voltage position, the q-component 

of stator voltage is equal to zero (vql = 0), and the d-component of stator voltage (vdl) is 

constant. Therefore, the reactive power can be controlled via iqg according to the equation 

below: 



Chapter 3. Wind Energy Conversion Systems Circuits and Control Schemes 

 42 

 

qgdlg ivQ
2

3
  (3.13)

Neglecting the small power loss in power electronic switches, Pq can be calculated as  

osg EiP   (3.14)

Using Equations (3.11) and (3.14), the following equation can be obtained. 

where vdl1 represents the d-component of the converter grid-side voltage. 

Neglecting the harmonics due to switching, one can write the following equations for the 

rotor-side converter circuit: 

E
m

v g
dl

22
1   (3.16)

According to (3.15) and (3.16), ios can be controlled using idg. 

dg
g

os i
m

i
22

3
  (3.17)

The relationship between E and ios can be described as follows. 

oros ii
dt

dE
C   (3.18)

 

 
where mg represent the modulation index for the grid-side converter [24]. 

Equation (3.18) suggests that the dc link voltage can be controlled via idg.  

The next step would be to derive the values of the d and q components of the 

converter grid-side voltage (vdl1 and vql1). For this purpose, the following equations can be 

used: 

qgge
dg

gdgdldl iL
dt

di
LRivv 1  

(3.19)

dgdlos ivEi 12

3
  (3.15)
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qgge
qg

gqgqlql iL
dt

di
LRivv 1  

(3.20)

 
Proportional-integral (PI) controllers can be used to control the values of vdl1 and vql1 

using idg and iqg. The overall control block diagram for the grid-side converter is 

illustrated in the figure below, in which the reference value of the reactive power flowing 

from the grid to the converter and the reference value of dc-link voltage are used to 

calculate the d and q components of the converter grid-side voltage:  
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PI PI
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Fig. 3.7. Grid-side converter control block diagram 

In this research, the electromagnetic transient (EMT) simulation software 

PSCAD/EMTDC is used for simulation. The DFIG wind energy conversion system as 

illustrated in Fig. 3.4 is simulated in PSCAD/EMTDC. The back-to-back PWM converter 

is simulated under both SPWM and OPWM schemes. Some technical data for the DFIG 

examined in the research describe in this thesis are provided in Table 3.1. 
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DFIG specifications 

Rated power  1 MW 

Rated voltage 0.69 kV 

Rated current 0.836 kA 

Stator resistance 0.0054 pu 

Wound rotor resistance 0.0061 pu 

Magnetizing inductance 4.5 pu 

Stator leakage inductance 0.1 pu 

Wound rotor leakage inductance  0.011 pu 

Stator/rotor turns ratio 0.3   

Mechanical damping  0.0001 N.m/rad/s 

Table 3.1. DFIG rating specifications used in simulation 

 
The simulation results are demonstrated below for SPWM and OPWM schemes, 

respectively. The simulation time step is 5 µs. The reference value for each of the 

variables is demonstrated on the corresponding graph as well. 
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Fig. 3. 8. DFIG wind energy conversion system with SPWM scheme 
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Fig. 3. 9. DFIG wind energy conversion system with OPWM scheme 
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3.2.2 Mechanical Control 

The mechanical power captured from wind energy is a function of turbine shaft 

angular speed. In order to maximize the captured mechanical power, the turbine shaft 

angular speed should be maintained at an optimum level, which is determined based on 

the wind turbine operating region. 

In this section, different operating regions for the wind turbine are described, and 

corresponding control methods for the wind turbine shaft angular speed (also referred to 

as maximum power point tracking (MPPT) methods) are presented. 

3.2.2.1 Wind Turbine Operating Regions  

As the wind speed increases, the turbine shaft rotational speed increases, and the 

wind turbine input mechanical power changes. Fig. 3. 10. illustrates the change of 

mechanical power with turbine shaft rotational speed variation at different wind 

velocities. The optimum power point for different wind velocities are demonstrated in the 

figure as well. 
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Fig. 3. 10. Wind turbine characteristics with Vw1>Vw2>Vw3>Vw4>Vw5 
 

As discussed earlier in Chapter 2, at a given wind velocity, the mechanical power 

extracted from wind is a function of turbine shaft rotational speed and the pitch angle. 

Therefore, to control and maximize the mechanical extracted power it is necessary to 

control the turbine shaft angular speed and the pitch angle. The turbine shaft angular 

speed is controlled through the rotor-side converter controllers, and there is a pitch angle 

controller to adjust the pitch angle. However, the latter is only active in high wind speeds.  

For different values of wind speed, turbine shaft angular speed and mechanical 

power extracted from wind, four main operating regions for the wind turbine can be 

defined; each operating region has its corresponding control methods. The main operating 

regions of a wind turbine are illustrated in Fig. 3.11 [10], [19]. 
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Fig. 3.11. Wind turbine operating regions 

 
 

 Minimum Speed Operating Region: 

This operation region is selected when wind speed is low. In this region, the shaft 

angular speed is kept constant at its minimum value, which is usually around 25%-30% 

below synchronous speed. 

 Optimum Speed Operating Region: 

In this region, the wind turbine operates at optimal power tracking point according 

to the wind speed. The shaft angular speed is controlled via the rotor-side converter in 

order to work at the optimal power point and extract maximum power from the wind. 
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 Maximum Speed Operating Region: 

When wind speed is high, the turbine shaft angular speed should be controlled in 

order not to exceed a certain limit (usually 20% above the synchronous speed). In this 

region, the extracted mechanical power is not at its optimal point anymore. The speed is 

still controlled via the rotor-side converter speed controller. 

 Power Limitation Operating Region 

With excessively high wind speed, the rotor-side converter is no longer able to keep 

the speed constant at its maximum value. At this region, speed is controlled via a pitch 

angle controller. The pitch angle controller adjusts pitch angle in order to reduce the 

extracted mechanical power, and keeps the shaft angular speed constant at its maximum 

value. 

 

3.2.2.2 Wind Speed Measurement Method 

As discussed earlier, in the optimum speed operation region, the shaft angular speed 

is controlled via the rotor-side converter controllers. There are several maximum power 

point tracking (MPPT) methods to determine the reference value for shaft angular speed, 

such as Perturbation and Observation Method, Wind Speed Measurement Method, and 

Power Signal Feedback (PSF) Control. In this section, Wind Speed Measurement Method 

is described. 

This method computes the optimal tip-speed ratio, λopt, and therefore the reference 

value for turbine shaft rotational speed for a given wind speed. In this method, wind 



Chapter 3. Wind Energy Conversion Systems Circuits and Control Schemes 

 51 

speed and shaft angular speed are measured, and the optimal tip-speed ratio is determined 

for the corresponding wind speed using look-up tables. The reference shaft angular speed 

can calculated based on the equation below: 

R

v optw
refT


 ,  

(3.21)

The reference value is used in then rotor-side converter control system to adjust the 

turbine shaft angular speed. 

In this chapter the back-to-back PWM power electronic converter and two types of 

modulation schemes (SPWM and OPWM) were described. Also, the control schemes of 

the power electronic converter and the mechanical control of the wind turbine were 

explained. In the next chapter, two types of reduced intensity modeling techniques for the 

back-to-back PWM converter are described and applied to the DFIG wind energy 

conversion system simulation model. 
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Chapter 4  

Back-to-Back PWM Converter Modeling  

 
 

In order to design and verify the performance of a wind energy generation system, it 

is necessary to simulate the wind farm. Conventional detailed simulation models, e.g. 

electromagnetic transient (EMT) simulation models, which include all corresponding 

power electronic switches provide accurate results. However, there are a number of 

difficulties in using the detailed model due to presence of power electronic switches. 

There are numerous wind energy generators in a wind farm and each wind energy 

generator has its corresponding ac/ac power electronic converter. The system topology in 

a detailed model of the wind generation system changes frequently due to power 

electronic converter switchings. Therefore, simulation of a wind
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 farm using the detailed model tends to be time consuming and computationally 

intensive; in fact, it may sometimes be impractical when the simulation results are needed 

in a limited time. In this chapter, two approaches are used to ease the simulation of power 

electronic converter’s detailed model. The first approach is to use dependent voltage and 

current sources instead of actual power electronic switches, and is referred to as the 

switching-function model. The second approach is to use the average value of signals 

instead of exact values, and is referred to as the dynamic average-value model.  

In this chapter, the two reduced intensity models and their applications to the DFIG 

wind energy conversion system simulation are described. The detailed simulation results 

are provided to verify the accuracy of the models. The simulations run time of the 

reduced intensity models for one DFIG are recorded and compared to the detailed EMT 

model. Also, these models are applied to a small representative test system connected to a 

wind farm consisting of DFIGs. The simulation results show that both approaches result 

in reduction in simulation execution time. 

4.1 Switching- Function Model 

In computer simulation using the detailed EMT model, in every switching instant 

the topology of the system changes. Consequently the system admittance matrix changes. 

This tends to slow down the simulation speed. 

The idea behind the switching-function model is to keep the system topology 

constant, which helps reduce the simulation run time. In this approach all the switching 
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instants are calculated in a similar way as the detailed model. Instead of using actual 

power electronic switches, an equivalent circuit of the rectifier/inverter including 

dependent voltage and current sources are used in the simulation. The values of the 

voltage/current of these sources are calculated at every switching time step. In other 

words, instead of changing system topology at every time step, the changes of 

voltages/currents due to the switchings are calculated and used for simulation.  

In this section, switching-function modeling of the rectifier in the back-to-back 

PWM converter is represented. This concept can be extended to the inverter as well. 

After calculation of switching instants according to the corresponding modulation 

schemes (i.e. SPWM, OPWM), the rectifier can be replaced by a set of dependent voltage 

and current sources where the amount of voltage/current is calculated using the dc-link 

actual voltage and 3-phase input currents in every time step. The rectifier and its 

corresponding switching-function model are illustrated in Fig. 4. 1. and Fig. 4.2., 

respectively. 
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Fig. 4. 1. The rectifier detailed model 
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Fig. 4.2. The rectifier equivalent switching-function model 

 

The voltage values for the dependable voltage sources, va, vb, and vc can be 

calculated using the switching pulses and the dc voltage as below: 













dcdcc

dcdcb

dcdca

VTVTv

VTVTv

VTVTv

25

63

41

 (4.1)

where 






onisi""switch thewhen1

offisi""switch thewhen0
iT  (4.2)

 The value for the dc current source in the switching-function model can be calculated as: 

cba iTiTiTI 531   (4.3)

While all the switching pulses are calculated in the same manner as in the detailed model. 

This model has been used in PSCAD/EMTDC EMT program to simulate the 

rectifier of the back-to-back PWM converter. The simulation block in the 

PSCAD/EMTDC for Fig. 4.2 is illustrated in Fig. 4.3.   
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Fig. 4.3. Rectifier switching- function model in PSCAD/EMTDC 

 

Where the signals va_ref, vb_ref, and vc_ref are calculated using the dc link voltage and 

switching pulses as illustrated in Fig. 4.4. Also, signals Is1 and Is2 are calculated using 

Isa, Isb, Isc and the switching pulses as illustrated in Fig.4.5. 
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Fig. 4.4.  Calculation of voltage sources input values using rectifier switching-function model in 
PSCAD/EMTDC 
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Fig.4.5. Calculation of current sources input values using rectifier switching-function model in 
PSCAD/EMTDC 

 

This approach is used to reduce the simulation computational time for the simulation 

of the DFIG wind energy conversion system with specifications stated in Table 3.1 with 

both SPWM and OPWM schemes.  The simulation results obtained using the switching-

function models in PSCAD/EMTDC for SPWM and OPWM are illustrated in Fig. 4. 6. 

and Fig. 4. 7., respectively. In each figure, the results obtained from simulation using the 

EMT detailed model and the corresponding switching-function model along with the 

reference values are also included. The simulation time step is 5 µs. As demonstrated in 

the figures, the results of switching-function models for both SPWM and OPWM 

schemes are closely similar to the results of the EMT detailed model simulation. 
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Fig. 4. 6. SPWM modulation, switching-function and detailed model results 
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Fig. 4. 7. OPWM modulation, switching-function and detailed model results 
 

 

To compare the simulation speed of the switching-function model and the EMT 

detailed model, the actual execution time of simulation for the same simulation run time 
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(10 seconds) are included in the table below. In the case of OPWM simulation, the 

switching function model reduces the simulation execution time by 22%, and with 

SPWM scheme, the switching-function model reduces the simulation execution time by 

56%.  

 

  Actual execution time(s) 

EMT Detailed OPWM Model 375 
Switching- function OPWM 
model 292 

EMT Detailed SPWM Model 704 
Switching- function SPWM 
model 310 

 

Table 4.1. Simulation execution time for switching-function and EMT detailed models 

 

4.2 Dynamic Average-Value Modeling 

 
As mentioned previously, detailed model simulation of wind farms using the actual 

power electronic switches is time consuming due to the change of the system topology in 

every switching instant. Another approach to overcome this issue is to obtain a time-

invariant circuit topology through “averaging” the power electronic switchings, which is 

called the dynamic average-value modeling technique. In dynamic average-value 
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modeling, fast switchings are averaged to simplify and therefore accelerate power 

electronic converter simulations. In other words, the discontinuous switching cells are 

replaced with continuous blocks, i.e. voltage and current sources [26], [27]. In average 

models, some details of the power electronic converter such as higher harmonic contents 

are eliminated. However, these details are not significantly useful in many cases, and can 

therefore be ignored.  

4.2.1 Dynamic Average-Value Modeling Technique in DFIG 

Simulation 

In this section the dynamic average-value modeling technique for SPWM is 

described and applied on the back-to-back PWM power electronic converter of a DFIG.  

4.2.1.1 Concept of Average-Value Modeling 

 
As mentioned earlier in Chapter 3, in SPWM technique a switching pulse is 

generated from comparison of a high-frequency triangular waveform with a sinusoidal 

reference signal. The SPWM scheme and the dynamic average-value outputs are 

illustrated in Fig. 4. 8. The frequency of the sinusoidal reference signal should be 

relatively small compared to the triangular waveform frequency. Within a short time 

period, the sinusoidal waveform can be approximated with a constant value, as illustrated 

in Fig. 4. 8. 
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Fig. 4. 8. SPWM scheme and average-value output 

 

 

The dynamic average-value of a current or voltage waveform represents the dc value 

of the corresponding variable over a selected time interval, while the ripple is neglected. 


T

Tt
dxtx  )()(  (4.4)

where x(t) could represent voltage or current, and T is the switching interval. 

It is worth noting that this idea can be extended in a way that the average-value 

variable includes higher order harmonics, which is essential in resonant converters [27]. 

 The average value of the output ac voltage is illustrated in Fig. 4. 8 as follows: 
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a
dc

an m
V

v
2

  
(4.5)

 

where anv  and am  represent the average value of the phase ‘a’ output voltage and 

modulation index, respectively [31].  

The same equation is applied to phases b and c: 

b
dc

bn m
V

v
2

  
(4.6)

c
dc

cn m
V

v
2

  
(4.7)

 

where  

bnv = the average value of the phase ‘b’ output voltage 

cnv = the average value of the phase ‘c’ output voltage 

bm = phase ‘b’ modulation index 

cm =phase ‘c’ modulation index 

The modulation indices of the three phases are determined in a way the output phase 

voltages generate symmetrical three phase voltage. The relationship between the 

modulation indices of phases a, b, and c is as follow: 

)cos(. mma    (4.8)

)
3

2
cos(.

  mmb  
 (4.9)
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)
3

2
cos(.

  mmc  
 (4.10)

The average-value concept can also be used in dq variables. Using this approach, the 

dq variables will contain a dc value with some ripple, which represents the harmonics. 

This dc value can be used for average-value modeling [27] [28]. This approach is 

described and used in details in the next section 

4.2.1.2  Application of Average-Value Modeling in DFIG Simulation 

 
In this section, the application of the average-value modeling technique on the 

rectifier of a back-to-back PWM converter is described. It can be applied on the inverter 

in a similar approach as well. 

It is more convenient to choose the dq transformation reference frame in a way that 

the averaged d-component of an ac voltage is zero. This can be accomplished by aligning 

the q-axis of the dq reference frame with the voltage. This way, the d-axis is 

perpendicular to the voltage vector, and the d-component of the voltage is equal to zero. 

This dq reference frame is referred to as the rectifier reference frame in this section, as 

this section is dedicated to the average-value modeling of the rectifier of the back-to-back 

PWM converter. 

In the case that an arbitrary dq reference frame is used, which does not satisfy the 

above condition, the dq values can be transferred to a dq reference frame in which the q-

axis is aligned with the voltage vector. As illustrated in Fig. 4.9, a transformation angle δ 

is chosen in a way to make sure vd
rec = 0, where superscription rec denotes quantities in 

the rectifier reference frame and the bar represents the average-value evaluated over a 
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switching interval [22]. Superscript a in Fig. 4.9 represents quantities in the arbitrary 

reference frame. 

 

Fig. 4.9.  Rectifier average-value voltages and currents in the dq reference frame 

 
 

The dq values from an arbitrary reference frame can be transferred to the rectifier dq 

reference frame as follows [26]. 
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(4.11)

Using the rectifier dq reference frame, the average-value modeling technique can be 

applied on the rectifier. The switches are replaced by voltage and current source using the 

average values. The schematic of the rectifier and its corresponding average-value model 

are illustrated in Fig. 4. 10 and Fig. 4. 11, respectively. 
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Fig. 4. 10. The rectifier model 
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Fig. 4. 11. The rectifier average-value model 

 
The approach used here to obtain voltage and current sources signal values in the 

rectifier average-value model is illustrated in Fig. 4.12. The rectifier is represented by a 

block, which inputs dcv and P, and outputs dci , rec
dv and rec

qv . dci  is calculated using dcv  

and P according to (4.12), while rec
dv and rec

qv are calculated using dcv . 
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Fig. 4.12. Average-value modeling with rectifier as an algebraic block (Adopted from [26]) 

Neglecting the relatively small power loss in the rectifier, dci  can be calculated using dcv  

and P: 

dc

dc
v

P
i   

 

(4.12)
 

 

According to equations (4.5) and (4.8) and considering the dq reference frame is chosen 

in a way that d-component of voltage is zero, rec
dv and rec

qv  can be calculated as follows: 

2

mv
v dcrec

q   
(4.13)

0rec
dv  (4.14)

The corresponding simulation model in PSCAD/EMTDC is illustrated below. The 

rectifier model has been replaced with dependant voltage and current sources:  



Chapter 4. Back-to-back PWM Converter Modeling 

 68 

0.001 [H]

Idc

3
0

0
0

0
0

 [u
F

]

Vdc

P_rec

P
o

w
e

r

AB

PQ

A

B

C

A

B

C

Vc_ref

R
=

0
V

Vb_ref

R
=

0
V

Va_ref

R
=

0
V

Vc_rec

Vb_rec

Va_rec

A

B

C

A

B

C
0.45

#2#1

0.69

1.0

 

Fig. 4.13. Equivalent average-value model for the rectifier in PSCAD/EMTDC 

There are no actual switches in the average-value model. Therefore, the simulation 

time step can be increased, which results in decreasing the simulation execution time. 

The results obtained from the detailed model and the dynamic average-value model 

simulation of the DFIG wind energy conversion system with specifications stated in 

Table 3.1 along with the corresponding reference values are illustrated in Fig. 4. 14. The 

simulation time step for the EMT detailed model is 5 µs and for the average-value model 

is 25 µs. 

To compare the simulations speed of the average-value model and the EMT detailed 

model, the simulation actual execution times for the same simulation run time (10 

seconds) are included in the table below. The average-value model reduces the simulation 

execution time by 65%. 

 

  Actual execution time(s) 

Detailed Model 704 

Average-value Model 249 

Table 4.2. Simulation execution time for average-value model and EMT detailed model 
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Fig. 4. 14. EMT detailed SPWM and average-value models results 
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4.3 Reduced Intensity Simulation of a Wind Farm 

Connected to the Power System Network 

Previously, the EMT detailed models (OPWM/SPWM) and their corresponding 

reduced intensity models of a DFIG wind energy conversion system were described and 

simulated. In this section, the proposed models are used to simulate a wind farm 

connected to a test power system. The wind farm is assumed to consist of twenty 

identical DFIGs connected to the same bus of the power system through a transformer. 

The test power system is used as an example of a small but representative power system 

network consisting of generation and loading areas. 

In this section, all of the DFIGs are first simulated using the EMT detailed model 

with SPWM and OPWM techniques separately. Then the reduced intensity simulation 

techniques are applied, and the simulation execution times are recorded and compared. 

The test system includes twelve busses and can be simply divided into three main 

areas. Area 1 is a generation area with hydro power generators. Area 3 is mainly a load 

area but with some thermal power generation. Area 2 is located in between Areas 1 and 3, 

and has some load and some generation which is not sufficient for the loads in this area. 

A single line diagram of the small test system is illustrated in Fig. 4. 15.  

The wind farm simulated in this section is located in Area 2, and consists of twenty 

identical DFIGs. Each DFIG has the same ratings as those DFIG described in Chapter 3. 

The DFIGs are connected to Bus 12 via a 0.69 kV/ 22 kV step-up transformer.  
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Fig. 4. 15. Wind farm (WF) connected to the 12 bus system  

Some technical data of the test system used in the simulations described in this 

thesis is provided in Table 4.3. 
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  Nominal     

Bus  Voltage Generation Load 

  (kV) (MW) (MVA) 

1 230     

2 230   280+j200 

3 230   320+j240 

4 230   320+j240 

5 230   100+j60 

6 230   440+j300 

7 345     

8 345     

9 22     

10 22 500   

11 22 200   

12 22 300   
 

Table 4.3. Data of the test power system 
  

Previously five simulation cases in PSCAD/EMTDC were obtained for simulation 

of a DFIG wind energy conversion system which are summarized below 

 EMT detailed model with SPWM scheme 

 Switching-function model with SPWM scheme 

 Average value model 

 EMT detailed model with OPWM scheme 

 Switching-function model with OPWM scheme 

The system illustrated in Fig. 4. 15. is simulated in PSCAD/EMTDC in five separate 

cases using the models for simulating a single DFIG as summarized above. The purpose 

of the wind farm simulation is mainly to compare simulation execution time for different 
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modeling techniques in the test power system with a wind farm, which contains a number 

of individual DFIGs.  

The simulation execution times for the five cases for the same simulation run time (10 

seconds) are summarized below. 

 

  Actual execution time(s) 
EMT Detailed OPWM Model 25712 
Switching- function OPWM 
model 22659 
EMT Detailed SPWM Model 37206 
Switching- function SPWM 
model 29276 

Average-value Model 27704  

Table 4.4. Simulation execution time for the wind farm connected to the test power system 

 

In OPWM simulation model, the switching-function modeling technique reduces the 

simulation execution time by 11%. With SPWM scheme, the switching-function 

modeling technique and the average-value modeling technique result in reduction of the 

simulation execution time by 21% and 25%, respectively. 

The percentage of reduction in the simulation execution time with the reduced 

intensity modeling techniques is smaller compared to the case of one DFIG simulation. 

This is due to the complexity of the test power system used. This test power system has 

many details which reduce the simulation execution time significantly and the DFIGs are 

only a part of the complexity. 

Normally one would expect that the average model should take the least amount of 

time for simulation. This however is not seen in Table 4.4. The reason is that the 
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simulation model of the average-value model includes 19 turbines with the average 

model and one turbine with the fully-detailed SPWM EMT model. This model is far 

more demanding than the switching function OPWM and hence the longer simulation 

time. 
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Chapter 5  

Conclusions, Contributions, and Suggestions 

for Future Work 

 
 

The conclusions and contributions of this research are included in section 5.1. Some 

suggestions for the future work are presented in section 5.2 

5.1 Conclusions and Contributions 

The conclusions and contributions of this research are summarized as follows.
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1. Different types of wind energy conversion systems and their corresponding 

advantages and disadvantages were briefly discussed. Among the four most 

commonly used types of wind energy conversion systems, doubly-fed induction 

generator wind energy conversion system is the main focus of this research. 

2. The aerodynamical, mechanical, and electrical aspects of DFIG wind conversion 

systems were discussed in detail. Also, different configurations of the ac/ac power 

electronic converters under pulse width modulation schemes were discussed. 

Back-to-back PWM converter, which is the most conventional ac/ac power 

electronic converter used in DFIG wind conversion systems, is the focus of this 

research. 

3. The DFIG wind energy conversion system under SPWM and OPWM schemes 

including the wind turbine, the generator, the power electronic converter and their 

corresponding control schemes were simulated in detail in PSCAD/EMTDC. This 

EMT detailed model provided a strong tool for DFIG wind energy conversion 

system studies with high accuracy, and was used as a benchmark to determine the 

accuracy and time efficiency of the reduced intensity models. 

4. The detailed EMT model is time consuming since at every switching instant the 

system topology changes and the system admittance matrix should be calculated 

again. To overcome this issue, two reduced intensity models, switching- function 

modeling and dynamic average-value modeling were examined, in which the 

system topology remains the same. These models were used for PSCAD/EMTDC 

simulation. Case studies show that reasonably accurate results as compared to 
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those obtained using the EMT detailed simulation model but the simulation 

execution time is reduced. 

5. As the final step, the EMT detailed model and the reduced intensity models were 

used to simulate the DFIG wind energy conversion systems in a wind farm. The 

wind farm was connected to a test power system. The two reduced intensity 

models were applied to the model. Considering the presence of several power 

electronic switches in a wind farm model which slows the simulation, the reduced 

intensity models decreased the simulation execution time.  

6. In the simulation of a wind farm the reduced intensity models provided some 

saving in the simulation execution time. In the simulation of one DFIG wind 

energy conversion system, the reduced intensity models provided higher 

percentage of reduction in the simulation execution time than in a wind farm 

simulation. 

5.2 Suggestions for Future Work 

Some suggestions for future work are given as follows. 
 

1. The set of controlled variables of the back-to-back PWM converter in this 

research is the rotor speed and the DFIG reactive power for the inverter side of 

the back-to-back PWM converter, and dc link voltage and rotor reactive power for 

the rectifier side of it. Although this set of variables is commonly used in DFIG 

wind energy generation systems, other sets of variables including active power of 
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the DFIG may be used [30]. It is suggested to implement the detailed, switching-

function and average-values models using other control variables to investigate 

the corresponding reduction in simulation execution time for those models, as 

they may be useful in some utilities. 

2. The focus of this research is on DFIG wind energy conversion systems as they are 

becoming the most popular setting in wind farms. The proposed models in this 

thesis can be applied on other wind energy conversion systems using a different 

type of power electronic converter and/or a different type of generator. 

3. In this research, the simulation models were developed in PSCAD/EMTDC, 

which is a well-established and commenly used software for electromagnetic 

transients simulation. However, the simulation execution time may vary for 

different software packages. The same models can be simulated in another 

suitable program such as MATLAB SIMULINK to record the simulation 

execution times and the corresponding execution time reduction for each reduced 

intensity model. 
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